We present narrow-bandwidth submillimeter-wave sky opacity measurements made from the South Pole between 1995 February 9 and November 17, a period that includes an entire Austral winter. These measurements were made with the Antarctic Submillimeter Telescope and Remote Observatory (AST/RO) using a heterodyne receiver tuned to a band that includes the 492 GHz Ðne-structure line of neutral atomic carbon. The zenith optical depth was below 0.72 half the time during the Austral winter and spring, and it reached values as low as 0.34 on day 232. The stability was also remarkably good : the opacity remained below 1.0 for weeks at a time. The South Pole is therefore an excellent site for submillimeter astronomy throughout the Austral winter and spring. The functional relationship between 492 GHz opacity and measured precipitable water vapor shows that a signiÐcant fraction of the opacity is caused by atmospheric constituents other than water vapor, indicating the need for accurate, sitedependent atmospheric modeling when opacity measurements at lower frequencies are extrapolated into the submillimeter.
INTRODUCTION
Submillimeter astronomy can only be done from high, dry sites where the water vapor content of EarthÏs atmosphere is low. The US Amundsen-Scott South Pole Station is located at 2835 m altitude on the Antarctic Plateau, and it is among the coldest and driest places on Earth. The low water vapor content of the South Pole sky, as determined from several decades of routine weather measurements, is thought to make the South Pole an outstanding site for infrared, millimeter, and submillimeter astronomy. A long history of water vapor column measurements and sky brightness measurements at various wavelengths support this expectation & Jackson (Smythe 1977 ; Dragovan et al.
Chamberlin & Bally 1990 ; 1994 , 1995 Chamberlin 1995) .
In this paper, we present submillimeter-wave opacity data obtained in 1995 that show the excellent quality of the South Pole as an astronomical site. We compare measured opacities with total water vapor column measured by other means, to show that not all of the observed opacity is caused by water vapor. In conclusion, we discuss the implications of the South Pole data for submillimeter-wave site testing at other locations.
OBSERVATIONAL METHOD
Narrow-bandwidth submillimeter-wave opacity measurements were made from the South Pole with the newly installed Antarctic Submillimeter Telescope and Remote Observatory (AST/RO) et al. & Stark (Stark 1994 ; Lane et al. A double-sideband, quasi-optical 1995 ; Stark 1996) . SIS receiver Zmuidzinas, & Lo was used, (Engargiola, 1994) with an intermediate frequency (IF) of 1.5 GHz and an IF bandwidth of D700 MHz. The gains in the two sidebands are essentially equal. The receiver was tuned in such a way that one of the sidebands was centered on 492.16 GHzÈthe rest frequency of the Ðne-structure transition of 3P 1 ] 3P 0 neutral atomic carbonÈbecause this work was carried out in conjunction with Galactic survey observations of this line. From 1995 February 9 (day 40) through May 17 (day 137), the receiver was tuned in such a way that the carbon line was in the upper sideband ; it was subsequently retuned to place the line in the lower sideband, in order to reduce the total system noise by placing the image sideband at a frequency at which the sky is more transparent.
The data presented here cover the period from 1995 February 9 (day 40) to November 17 (day 321). This period includes the 6 month long South Pole night, days 81È267. Opacity was measured using a "" skydip ÏÏ technique : the antenna temperature di †erence between the sky and a calibrated cold load was measured sequentially at 14 elevation angles corresponding to air masses from 1.2 to 3.8, with an interval of 0.2 air mass (\1 sin~1 [elevation] ). Normally, one or more skydips were performed each day regardless of prevailing weather conditions, except when the surface wind speed exceeded D10 m s~1, which was 5% of the time. On a few days, measurements were not possible for logistical and maintenance reasons. During the observing season, over 1100 individual skydips were obtained, usually in groups of three, and each skydip took about 5 minutes to complete.
To obtain an opacity value from each skydip, the set of measured antenna temperatures, was Ðtted to a T sky (A), single-slab model of the atmosphere (cf. & Haas Ulich 1976) : 
where A is the air mass, J(l, T ) is the e †ective radiation temperature of a blackbody source at temperature T observed at frequency l, is the mean atmospheric tem-T atm perature, is the apparent brightness temperature of the T sbr spillover and radiation losses, K is the back-T bg \ 2.7 ground temperature of space, is the telescope efficiency, g l and is the zenith atmospheric opacity. We have assumed q 0 that any elevation angle dependencies of and may be T sbr g l ignored, and that the two sidebands may be combined. Each skydip was Ðtted to by s2 minimization, equation (1) leaving B, and C as free parameters. For these data, no a q 0 , priori knowledge of B, or C was required because was q 0 , q 0 in an intermediate regime where
is signiÐcantly nonlinear for 1 \ A \ 4 ; the s2 minimization routine therefore had no difficulty Ðnding stable and unique Ðts for B, and C. The minimum s2 values q 0 , obtained were often near 11Èthe value expected from the number of degrees of freedom in the Ðt and the errors in the measurements (p^0.2 K)Èshowing that the data are T sky consistent with our model and, in particular, that and T sbr g l do not vary signiÐcantly with elevation angle. At other times, the minimum s2 value was large because the sky brightness deviated from a single-slab atmospheric model, e.g., in cloudy weather. The C and B values found in the Ðts, C D 230 K and B D 175 K, were consistent with our independent knowledge of C and B based on observations of the Moon, which indicated that and calculations of g l º 0.75, from balloon-borne radiosonde data, which indicated T atm that K. 220 ¹ T atm ¹ 244 Four Ðts, under di †erent opacity conditions, are shown in
The noise in the measurements is less than the Figure 1 .
T sky size of the dots. Note that the deviations of the data from the model Ðts (solid lines) are small. At large values of the air mass A, approaches the value C, which is approx-T sky imately
The extrapolation of the model to A \ 0 yields
RESULTS AND DISCUSSION
shows zenith opacity determined from skydip Figure 2 measurements as a function of day number in 1995. The line connects values determined from over 1100 skydips. The opacity applicable to observations of the 492 GHz carbon line is somewhat overestimated prior to day 137, when the local oscillator (LO) was set to place the line in the upper sideband rather than the lower (see below).
shows a cumulative distribution function for Figure 3 q 0 during the winter/spring period, days 100È321. Opacities were measured for a total of 171 days out of a possible 222 days during this period, which was the driest period during the year. The 492 GHz opacity "" quartiles ÏÏ from the data in are presented in with separate columns for Figure 3 Table 1, the winter/spring and summer periods.
The e †ects of possible bias in our results due to incomplete sampling can be estimated using concurrent water vapor data obtained by the South Pole meteorology office.
shows a plot of the 492 GHz opacity versus the Figure 4 FIG. 2.ÈSouth Pole zenith opacity at 492 GHz as a function of day number in 1995. Solid line connects values measured from 1158 individual skydip observations. Prior to day 137, the LO center frequency was 490.66 GHz ; after day 137, the center frequency was 493.66 GHz. CHAMBERLIN, LANE, & STARK Vol. 476 FIG. 3 .ÈCumulative distribution function of observed 492 GHz opacities during the winter/spring period (day 100 to day 321). The percentage of time the opacity was less than a given value is plotted versus the value of q 0 .
column of precipitable water vapor (PWV) determined by radiosonde. Each point represents a single skydip measurement correlated with a balloon sounding made within^6 hr of the skydip observation. Our method of deriving PWV from radiosonde measurements, as well as a discussion of possible errors in this determination, was described previously by & Bally The data in Chamberlin (1995) . Figure 4 were Ðtted by a least-squares method to
where a is the dry air opacity and b is the dependence of the zenith opacity on water vapor abundance. As shown in the dry air opacity a di †ers for the two placements Figure 4 , of the image sideband, being higher for the lower frequency tuning, which is closer to a major emission-line core O 2 centered on 487.25 GHz. Opacity values derived from the earlier, lower frequency tuning (day 40 to day 137) are represented as crosses, and the broken line is a least-squares Ðt of to these data. From the Ðt, a \ 0.57 per air equation (5) . shows a comparison of our measured values for a Table 2 and b with the predictions obtained from the Grossman atmospheric transparency model For (Grossman 1989). both receiver tunings, the model signiÐcantly underpredicts a. The modelÏs agreement with the empirically determined b is better. The discrepancy between the model and the experimental value for a is much larger for the 493.66 GHz LO tuning, which is more distant from the 487.25 GHz O 2 line core.
Since daily radiosonde measurements were made, and since we have shown (see that the 492 GHz opacity is Fig. 4 ) correlated with the radiosonde-derived PWV values, it is possible to use the radiosonde measurements made on days the telescope did not perform skydips to estimate how our statistics may be a †ected by incomplete sampling. We used the relation obtained from the higher frequency q 0 ÈPWV tuning (a \ 0.33, b \ 1.49) to estimate the opacity for 51 shows the estimated opacity for every day of the Figure 5 year using the relation from the 493.66 GHz q 0 ÈPWV tuning. The averaged daily opacities actually measured with this tuning are shown as solid circles in the Ðgure. We used these daily estimates of the opacity to predict the cumulative distribution function we would have measured if the receiver was operational with this tuning during the whole "" summer ÏÏ period, which is a period of relatively high water vapor. The quartile data derived from this cumulative distribution function are listed in the fourth column of Table 1 .
The stability of the South Pole atmosphere during lowopacity periods is remarkable. In we present a Figure 6 , time series of opacity measurements taken over a 1.3 day period. Each point represents the opacity derived from an individual skydip measurement. The peak scatter of these opacity values during this period was less than^10%. The initial 0.4 days of the measured period shows a peak scatter of less than^4%. Such atmospheric stability is important for the detection of faint spectral lines, low-level continuum sources, and cosmic microwave background anisotropy. In addition, this excellent temporal stability in implies that q 0 detection over exceptionally large coherence areas may be practical with submillimeter interferometric instruments.
The periods of lowest water vapor also tend to have low wind speeds. Wind velocity and precipitable water vapor at the South Pole exhibit correlated behavior (Schwerdtfeger with two distinct patterns. The usual weather pattern 1984) consists of dry, inversion-driven winds of about 5.5 m s~1 from the interior of the Antarctic plateau. This is punctuated by periods of horizontal advection of warm, relatively moist maritime air manifested in a westerly shift in wind direction and an increase in wind speed of D3 m s~1. The highest wind speed at the South Pole between 1957 and 1983 was 24 m s~1, and there are many months during which the wind speed does not exceed 12 m s~1
Our experience was that essentially (Schwerdtfeger 1984) . all the acceptable submillimeter-wave observing weather occurs when wind speeds are under 10 m s~1. This regime of wind speeds less than 10 m s~1 prevailed 95% of the time in 1995. Low wind conditions are unusually favorable for the construction of large telescopes, where maximum wind speed determines the survival strength of the structure, and maximum wind speed during observations determines the required sti †ness.
CONCLUSION
The results presented here constitute the Ðrst systematic, long-term measurements of submillimeter-wave atmospheric opacity at an astronomical site. These measurements have been made in conjunction with balloon-borne PWV measurements, which have allowed us to determine the relative contributions to the opacity from dry air and from water vapor. We have shown that (1) the South Pole is an excellent submillimeter site even at a frequency of 492 GHz, which is on the wing of a strong atmospheric line, O 2 and (2) that a signiÐcant fraction of the opacity at this frequency is the result of dry air.
Our results have implications for the testing of other sites. In the absence of direct measurements of submillimeterwave opacity, the opacity at lower frequencies (millimeter wavelengths) has often been used to try to predict the submillimeter-wave opacity (e.g., & Robson Stevens 1994 ; On Mauna Kea, for example, the relation Masson 1994) .
is often used : is used q 492 GHz B 20(q 225 GHz [ 0.01) q 225 GHz as a measure of PWV, which is then assumed to be the dominant source of opacity at 492 GHz. For the South Pole, a site with extremely low water vapor, we Ðnd that the e †ect of dry air opacity must be taken into account. Further, we note that the dry air opacity can depend strongly on the elevation of the site and is not well predicted by existing atmospheric models & Bally If (Chamberlin 1995) . we compare the values of b, relating opacity to PWV in for the 492 GHz data from the present work equation (5) The data have been Table 3 . divided into the best 6 month period and the remainder of the year. All three sites exhibit superb millimeter-wave opacity. The extrapolation of the 225 GHz opacity into the submillimeter is problematic, since the relative contribution of water vapor and of other atmospheric constituents is site-dependent and varies with wavelength. On Mauna Kea and Atacama, the water vapor content of the atmosphere is usually several times that of the South Pole, but the dry air opacity contribution is smaller because the altitude is signiÐcantly higher. Since 492 GHz measurements have been compared with 225 GHz measurements at Mauna Kea, the 225 GHz site testing can be quantitatively extrapolated to 492 GHz and it is compared to our 492 (Masson 1994), GHz measurements in Submillimeter sky opacity Table 4 . and noise depends on atmospheric pressure, temperature, and PWV. Of the three sites, South Pole consistently has the lowest PWV and temperature but the highest pressure. This mixture makes the South Pole comparatively better at some wavelengths than at others ; in particular, the transparency at wavelengths near 350 and 450 km is sensitive to PWV, favoring the Pole.
We have shown that the submillimeter-wave sky conditions at the South Pole during the Austral winter are extremely favorable compared to any other site where measurements have been made. Even at the problematic frequency of 492 GHz, which shows signiÐcant opacity from the dry-air continuum and the oxygen line at 487 GHz, the low water vapor column above South Pole allows submillimeter-wave observations continuously throughout most of the year. During the best observing period, Austral winter and spring, the zenith opacity at 492 GHz was below 1.0 over 85% of the time. Such observing conditions are unprecedented.
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